Raman spectroscopy offers the potential for the identification of illegal narcotics in seconds by inelastic scattering of light from molecular vibrations. In this study cocaine, heroin, and MDMA were analyzed using near-IR (785 nm excitation) micro-Raman spectroscopy. Narcotics were dispersed in solid dilutants of different concentrations by weight. The dilutants investigated were foodstuffs (flour, baby milk formula), sugars (glucose, lactose, maltose, mannitol), and inorganic materials (Talc powder, NaHCO 3 , MgSO 4 .7H 2 O). In most cases it was possible to detect the presence of drugs at levels down to ~10% by weight. The detection sensitivity of the Raman technique was found to be dependent on a number of factors such as the scattering cross-sections of drug and dilutant, fluorescence of matrix or drug, complexity of dilutant Raman spectrum, and spectrometer resolution.
selection rules. IR absorption spectroscopy is based on changes in the dipole moment during molecular vibrations, whereas Raman spectroscopy involves a change in the polarizability (1) .
Because the Raman spectrum depends on the chemical structure of a molecule, the Raman spectrum of a molecule is unique, and, therefore, can be used as a molecular fingerprint for identification purposes as is the case with IR absorption spectroscopy.
Raman spectroscopy has a number of distinct advantages over IR absorption spectroscopy. Sample preparation in many cases is not required, permitting analysis of bulk or microscopic materials in-situ (2) . Raman analysis of complex materials such as human tissue is also possible without sample pretreatment (3, 4) . Unlike IR, water has a very weak Raman signal and so Raman spectra can be easily collected from aqueous solutions or moist materials (5) . Raman spectroscopy generally operates from the UV to the near-IR region of the spectrum which allows for the use of fibre optic probes and compact spectrometers for remote analysis (6) . Micro-Raman spectroscopy can achieve a spatial resolution approaching 1 µm as opposed to 10-20 µm for IR absorption spectroscopy. This high spatial resolution has allowed the Raman analysis of discrete micron-sized particles, including the determination of drug levels in individual cells (7, 8) . Analysis of polymer thin films and single fibers has also been carried out both for the discrimination of materials and to probe the stereochemistry of polymers (9, 10) . Increasingly, Raman spectroscopy is being used to study the chemistry and structure of complex biological polymers like proteins (11) .
Specific applications of Raman spectroscopy to forensic science have been reviewed by Kuptsov (12) , and several groups have employed Raman microscopy or fiber optic probes for the analysis and identification of explosive materials (13, 14, 15, 16, 17, 18) . The identification of illegal drugs when dispersed through solid mixtures has been investigated by various groups who have demonstrated the possibility of using near-IR FT-Raman or UVresonance Raman spectroscopy for narcotic identification (5, 19) . Illegal drugs are generally mixed with a variety of materials that may contain contaminants, all of which may fluoresce under visible light excitation. The use of near-IR or UV excitation is required to eliminate or reduce this interference (20, 21) .
Quantitative analysis using Raman spectroscopy has not yet gained wide acceptance, primarily because of difficulties associated with the complexity of light scattering from materials. Poor reproducibility of spectral intensities, problems with high signal/noise ratios and the presence of variable fluorescence have all limited the use of the technique in the past (22) . However, improvements in instrumentation, and the use of multivariate analysis techniques (Chemometrics) have been exploited to overcome these impediments.
Multivariate analysis methods are used to correlate (statistically) observed spectral changes with properties such as concentration and have permitted the quantitative analysis of various complex materials (23, 24, 25, 26, 27) by Raman spectroscopy. This paper demonstrates that a dispersive near-IR Raman spectroscopic analysis can be used for the identification of narcotic materials present in solid mixtures, a brief account of which has already been presented (28) . In this work, we report for the first time an example of how Raman spectroscopy and multivariate analysis can be combined to estimate the concentration of cocaine dispersed in glucose. We also discuss a possible application of this quantitative Raman method in forensic science.
Methods:
1. Instrumentation: For near-IR Raman spectroscopy the excitation source was a Ti:Sapphire solid state laser (Spectra Physics 3900s), tuned to emit at 785 nm and optically pumped using an Argon ion laser (Spectra Physics 2017). A 785 nm narrow-band interference filter was used to remove non-resonant emissions. The microscope is a modified metallurgical microscope (Nikon Optiphot) using x20 and x10 power objectives to focus the laser light on the sample, with spot sizes of ~ 10 µm and 20µm respectively. The incident power at the sample was 3-8 mW. A holographic filter (HSNF-785 Kaiser Optical Inc.) was used to attenuate the elastically scattered laser light. The light was dispersed using a 0.5 m grating spectrometer (SPEX 500M) onto a liquid nitrogen cooled 512 x 512 pixel backilluminated CCD detector (Princeton Instruments) operating at -120°C. A spectral range of ~ 650 cm -1 was obtained with the spectrometer operating in first order. With the entrance slit width set at 80 µm, accumulation times varied from 30 to 800 seconds, depending on the instrument alignment and to a lesser degree the sample. For visible Raman spectroscopy at 488 and 514.5 nm, excitation was provided by the same Ar-ion laser and the Raman spectra were recorded on the same instrumental setup with separate holographic notch and interference filters. A fiber-coupled Raman Spectrometer (Holoprobe 633 Kaiser Optical Systems, Inc.), was used to acquire Raman spectra using 632.8 nm laser excitation. This spectrometer allowed collection of spectra from 100 to 4000 cm -1 in a single exposure (4 cm -1 resolution). 
Materials:
MDMA hydrochloride ((±)3,4-Methylenedioxymethamphetaminehydrochloride) and cocaine hydrochloride were supplied by Sigma-Aldrich company limited, United Kingdom, and the heroin hydrochloride was obtained from MacFarlan Smith Ltd., Edinburgh, Scotland. The dilutant materials anhydrous D-glucose (BDH), mannitol (BDH), maltose (Aldrich), and lactose (Aldrich), talc powder, NaHCO 3 , and MgSO 4 .7H 2 0 were reagent grade. The flour used was milled wheat flour, and the baby formula was a standard commercial preparation. All materials were used as received.
Sample mixtures (5-20 mg in weight) were made up by mixing known weights of drug and dilutant, followed by grinding in an agate mortar and pestle to ensure sample homogeneity by thorough mixing of components. The mixtures were transferred to clean stainless steel hexagonal sample holders with an internal diameter of ~ 2 mm and tamped into place.
Compacted mixtures produced better Raman spectra (higher signal to noise ratios) than those obtained from loose powders, as a result of maximizing the amount of material within the sampling volume. The samples for quantitative analysis were treated in the same manner.
Quantitative analysis:
All spectra for quantitative analysis were collected using a single 120 second exposure under identical instrument conditions. Features in the spectra caused by cosmic rays incident on the detector were filtered out using the EasyPlot software package 
Results and Discussion:
Qualitative analysis:
The fluorescence behavior of the test mixtures and pure drugs was examined by recording Raman spectra at several excitation wavelengths. Table 1 illustrates the advantages In this study, the determination of drug presence in a mixture was achieved by comparison of a reference spectrum of the pure drug and dilutant with that of the mixture.
The degree of identification is dependent on the number of peaks that can be ascribed to the drug from the mixture spectrum. In practice this would be carried out using spectral searching and matching software in conjunction with searchable digital Raman spectral databases (5), as with IR spectroscopy.
In figures 1 and 2, Raman bands due to narcotics can easily be identified and positive identifications made when the dilutants are crystalline organic or inorganic materials.
However, when a more complex and amorphous material like flour is used, the selectivity is reduced. Figure 3 shows a partial spectrum of cocaine dispersed in flour, and only the distinctive 1599 cm -1 benzyl ring and 1713 cm -1 carbonyl bands of cocaine are visible. In such cases Raman can only serve as a partial indicator to the presence of narcotics and additional testing is necessary for confirmation. However, Raman can be used to discriminate adulterated from non adulterated materials even when only one or two bands are visible.
Digital searches of Raman spectral databases will provide best guesses and probability values as to the identity of the adulterant. Raman bands from heroin and MDMA hydrochloride could also be identified from wheat flour mixtures at the same concentration level.
Identification of narcotics dispersed in other complex foodstuffs such as baby milk formula was also possible with concentrations of ~10% or greater by weight. Heroin was identified when dispersed in solid mixtures as illustrated in figure 4 . As with the other two drugs, identification is possible down to ~10% for the selection of dilutants surveyed. We have found that a number of factors can limit the sensitivity of Raman spectroscopy for the detection of specific narcotics in solid mixtures. The presence of fluorescent components has the most detrimental effect on sensitivity. However, in this study only one material (talc powder) fluoresced with 785 nm excitation. Only in this case was it impossible to identify the Raman spectrum of narcotics when dispersed in talc at drug concentrations of 10-30%. The resolution of the spectrometer or spectrograph will determine how readily one can discriminate individual narcotic and dilutant peaks that occur in the same Raman shift region. The scattering cross section of the target drug determines the strength of the Raman signal and identification will clearly become easier with stronger signals. We have observed that the intensity of the Raman spectra of the three drugs (as supplied) studied takes the following order: cocaine > heroin > MDMA. Conversely, if the dilutant(s) and
contaminants have large scattering cross sections, then their Raman spectra will tend to obscure that of the narcotic. As a rule, the more complex the Raman spectrum of the dilutant the more difficult positive identification becomes, due to co-incident peaks in the spectra.
The morphology and crystallinity of the bulk material can also affect the quality of Raman spectrum and, in some cases, longer exposure times may be required to obtain suitable spectra for identification purposes.
Quantitative analysis:
The sample set employed (Table 2 ) covered a 0-100 % by weight concentration range of cocaine in order to evaluate the suitability of the method as a rapid initial screening procedure for narcotic identification. The quantitative analysis method comprises three stages: data pretreatment; data evaluation by Principal Component Analysis (PCA); and the development of calibration models for the prediction of cocaine concentration.
The Raman spectra of the samples exhibit a certain degree of variation caused by small differences in spectral collection efficiency and changes in surface composition over the sample set. This lack of consistency in the scattering (background) intensity of Raman spectra must be accounted for by pretreatment of the data before applying multivariate analysis (23) . give a strong Raman spectrum and this may explain the higher degree of variation in the peak positions. Finally, the remaining 4 % is attributed to noise, and is disregarded in this study.
After having established by PCA the factors which describe the spectral data, quantitative models were developed using partial least-squares (PLS) regression algorithms (29) . The results from the PLS models are shown in Table 3 . The validation method used for all models was Full Cross Validation (FCV) on mean-centered data, the effectiveness of which has been discussed by Everall et al. (27) . The first PLS model M1 ( figure 7) was generated using a single component with the complete data set ( 10, 20 and recalculating produces M2 ( figure 8) which was the optimum model produced in this study. Figure 9 shows the regression coefficients for M2 indicating which Raman bands 
Conclusions:
This study has shown that by using 785 nm excitation for Raman spectroscopy, it is possible to identify the presence of illegal drugs in a range of solid mixtures to varying degrees, depending on the type of dilutant used. This is achieved by a significant reduction in fluorescence effects using near-IR excitation. We surveyed a number of different materials and in every case identification was possible down to concentrations of ~10 % by weight. We have also shown that a dispersive near-IR Raman spectrometer can produce results equivalent to those obtained from FT-Raman but using much lower laser powers of 3-8 mW as compared to 200-500 mW (5, 19, 20) . For forensic analysis, Raman spectroscopy in conjunction with searchable digital libraries of Raman spectra may best be utilised as a rapid, portable, initial screening method to ascertain the possibility of drug presence. If the presence of a drug cannot be adequately verified the technique may still be able to determine that the material under investigation has been adulterated. Follow up analysis by GC-MS can then be used to conclusively identify the substances present for legal purposes.
We have shown that multivariate analysis methods combined with near-IR Raman spectroscopy can be used as a rapid analytical method for the analysis of narcotics in simple two component mixtures. In this case the PCA method is used to evaluate spectral data and the analysis determined that for the Raman spectra of twenty different samples, 88% of the spectral change was due only to the change in cocaine concentration. We have also shown that PLS can be used to predict the cocaine concentration in solid mixtures of cocaine dispersed in glucose with a good degree of accuracy, which should be sufficient for screening of samples. The multivariate analysis methods are rapid (1-2 minutes) and can accommodate large data sets. Improvements in the sampling method (multiple scans per sample) and instrumentation (higher optical efficiency) will reduce the instances of outliers and improve the accuracy of the quantitative models.
For practical forensic analysis of narcotic-containing material, the procedure requires that the components of the materials under investigation be known in order that the calibration models can be generated in the laboratory. As a consequence the method is not suitable for all 
